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Deep Boltzmann Machines: Rigorous
Results at Arbitrary Depth

Diego Alberici®, Pierluigi Contucci and Emanuele Mingione

Abstract. A class of deep Boltzmann machines is considered in the sim-
plified framework of a quenched system with Gaussian noise and inde-
pendent entries. The quenched pressure of a K-layers spin glass model
is studied allowing interactions only among consecutive layers. A low-
er bound for the pressure is found in terms of a convex combination of
K Sherrington—Kirkpatrick models and used to study the annealed and
replica symmetric regimes of the system. A map with a one-dimensional
monomer—dimer system is identified and used to rigorously control the
annealed region at arbitrary depth K with the methods introduced by
Heilmann and Lieb. The compression of this high-noise region displays a
remarkable phenomenon of localisation of the processing layers. Further-
more, a replica symmetric lower bound for the limiting quenched pressure
of the model is obtained in a suitable region of the parameters and the
replica symmetric pressure is proved to have a unique stationary point.

1. Introduction and Results

The mean-field setting in Statistical Mechanics corresponds to the invariance
of an N particles system under the permutation group action. When this con-
dition is weakened to permutation invariance within each set of a K-partition
of the system (25:1 N, = N ), a homogeneous model generalizes to its K-
populated version. This generalization has been considered in spin systems for
both non-random interactions, i.e. the Curie-Weiss model [12,13], and ran-
dom interactions, i.e. the Sherrington—Kirkpatrick model [7,25]. For the first
case, a complete control of the thermodynamic properties has been reached
for general values of the interaction parameters. In the random case, instead
only the so-called elliptic structure of the interactions is fully controlled, while
the hyperbolic one is still not understood. We mention that the case K = 2
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has already been solved in two particular frameworks characterized by replica
symmetry: on the Nishimori line [6] or with spherical spins [4,5].

In this paper, we continue the analysis started in [2,8] concerning a mean-
field spin glass with pure hyperbolic structure of the interactions, i.e. a random
version of deep Boltzmann machines [DBM)] over K layers [26]. The framework
of [2] is generalized by dealing with a general number K of layers and by al-
lowing local (layer dependent) temperatures. A lower bound for the quenched
pressure in terms of K Sherrington—Kirkpatrick models [SK] coupled in tem-
perature along a linear chain is obtained and used to study the annealed and
replica symmetric regimes of the random DBM in the large volume limit. We
mention that an upper bound for the quenched pressure in terms of the so-
lution of an infinite-dimensional Hamilton—Jacobi equation has recently been
obtained in [22] for K = 2 and layers of equal size; see also [23] for a general-
ization by the same author.

Our first result is a control of the annealed region Ay in terms of the
largest zero of a matching polynomial which—up to a change of variable in
the complex plane—is the partition function of a monomer—dimer system over
the linear chain of length K [18,19]. This region Ax turns out to be exactly
the one where the annealed solution ¢ = 0 is stable for the replica symmetric
consistency equation. The compression of the annealed region leads to a pe-
culiar structure of the layers: in particular, the extensive layers are localized
along a chain of length two or three.

A replica symmetric lower bound for the quenched pressure is obtained
in a suitable region of the parameters. In the case of Gaussian external fields,
this region is identified by a K-dimensional version of the Almeida—Thouless
condition for SK. Within this framework, the replica symmetric consistency
equation is proved to have a unique solution on the whole space of parameters.
It is important to mention that the uniqueness for the elliptic case [9,25] is
still an open problem when K > 2.

The paper is organised as follows. Section 2 introduces the model. In
Sect. 3, we provide a lower bound for the quenched pressure of the DBM in
terms of an interacting variational principle. In Sect. 4, we identify and study a
region where the quenched and the annealed pressure of the DBM coincides. In
Sect. 5, we derive the replica symmetric functional for the DBM and we study
its stationary point(s). In Sect. 6, we provide a lower bound for the quenched
pressure of the DBM in terms of the previous replica symmetric functional
under suitable conditions on the parameters of the model. Appendix A contains
properties of the matching polynomials zeros, which are useful to characterize
the annealed region in Sect.4 and are mainly due to Heilmann and Lieb [18].

2. Definitions

Consider N spin variables o = (0;);=1,..~ € {—1,1}" arranged over K layers
Ly, ..., Lk of cardinality Ny,..., Nk, respectively, so that fo:l N, = N.
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Assume that the relative sizes of the layers converge in the large volume limit:

N,
A;N@W—m € 0,1] (1)

N—o0

for every p=1,..., K. We denote Ay = (Lp)p=1,... i , AW = (A,SN))

and A = (A,)p=1,..x. Clearly, 00 A, = 1.

Let J;; for (1,7) € L, X Lp_H and p=1,..., K — 1 be a family of i.i.d.
standard Gaussian random variables coupling spins in two consecutive layers.
We introduce a vector of positive inverse temperatures tuning the interactions
among consecutive layers 8 = (8,)p=1,... k-1 € Ri{71 .

Let h; for ¢ € L, and p = 1,..., K be a family of independent real
random variables, independent also of the J;;’s, acting as external fields on
the spins. Assume that (h;);ez, are i.i.d. copies of a random variable h(") such
that E|h(P)| < co. We denote h = (h(p))p:Lm,K.

p=1,....K

Definition 1. The Hamiltonian of the random deep Boltzmann machine [DBM]
is

K—1
ﬁ Bp Z Jij oioj (2)

p=1 (i,j)€LpXLpy1

HAN(

for every spin configuration o € {—1,1}V.

Definition 2. Given two spin configurations o,7 € {—1, 1}N , for every p =

1,..., K we define their overlap over the layer L, as
1
qr,(o,7) = Fp Z o; i €[-1,1]. (3)
€Ly,

Remark 1. The covariance matrix of the centred Gaussian process H,, is

E Hay (0) Hax () = Ny (0,7)" MY gy (0,7) (4)
for every o,7 € {—1,1}". Here, we set qa, (0,7) = (qz, (o, T))p=1,..-,K ,
0 p

st 0 33
20

Mo(B) = (6)

B
B 0

and we denote Ml(N) = M, (3, \V)) . Notice that My(3) can be interpreted as
a weighted adjacency matrix for the layers structure of the DBM.



D. Alberici et al. Ann. Henri Poincaré

Definition 3. The random partition function of the model introduced by Hamil-
tonian (2) is

K
Zpy = Z eXp<HAN(U)+ZZhiU¢> (7)

oce{—-1,1}V p=1li€L,
, and its quenched pressure density is
1
Py = v B log Zay (8)

where E denotes the expectation over all the couplings J;; s and the external
fields h;’s.

3. A Lower Bound for the Quenched Pressure of the DBM

In this section, we give an explicit bound for the quenched pressure of the K
layers DBM in terms of K independent Sherrington—Kirkpatrick spin glasses
[SK] [14,24,27].

Considering N spin variables o0;, i = 1,..., N, we recall that the Hamil-
tonian of the SK model is

1 -
H{0) = ——= Y Jij0i0, (9)
VN ij=1
where jij, t,7 =1,...,N is a family of i.i.d. standard Gaussian random cou-

plings. Given two spin configurations o, 7 € {—1,1}", their overlap is

LN
gy (o, 7) = N Zain €[-1,1) (10)

and the covariance matrix of the Gaussian process H3X is:
E HY (o) H3X (1) = Nqn(o,7)% (11)

Given an inverse temperature 3 > 0, the random partition function of the SK
model is

N
Z3K = Z exp < BH (o) + Zﬁz Ji) (12)
oe{—1,1}N =1

where h;, i =1,...,Nis a family of i.i.d. copies of a random variable i such
that E|h| < co. The quenched pressure density of the SK model is

1
PN (5,h) = + E log Z3* (13)

where E denotes the expectation over all couplings jij’s and fields h;’s. The
quenched pressure converges as N — oo and many properties of its limit,
that we will denote by p®¥(3,h), have been investigated in the literature
[3,15,17,21,24,27].
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Theorem 1. The quenched pressure of the DBM satisfies the following lower
bound:

hm mf pact > sup PPPM(a), (14)
aE]R571
where, for every a = (ap)p=1,. K-1 € Rffl, the functional PPEM(a) =
PPBM (q: 3\, h) is defined as:
s K-1
POBM (g Z)\pp ) Z a)? +Z)\pﬂ§)\p+1
p=1 p=1
(15)
and the parameter 0,(a) = 0,(a; 5, \) > 0 is defined by:
A\ ay 3? forp=1
1
ep(a)QE )\p<af1ﬁ§_1+apﬂ§) fOT’p:Z,...,K—l. (16)
forp=K
Proof. We are going to prove the following lower bound at finite volume:
K s
N)
PRI > 30 S 04) - § A 4 A
p=1 p=1
(17)
where QéN) = 0,(a; 3,A\™)) and a € RY ™" can be arbitrarily chosen The

lower bound (14) will follow 1mmed1ately by letting N — oo, since p¥<(83, h)
is convex with respect to (8, and thus, the convergence to p SK¢ is uniform on
compact sets.

For every p=1,..., K, let HE?(S), s € {—1,1}£» be a Gaussian process
representing the Hamiltonian of an SK model over the IV, spin variables in
the layer L, . We assume that HEIf, ceey H[SIE are independent processes, also

independent of the Hamiltonian H,,. For o € {—1,1}" and t € [0,1], we
define an interpolating Hamiltonian as follows:

K
Hy(ost) = VEHay(o) + VI—t > 08N H®(oy,), (18)
p=1
where of course o7, = (04)icr, - An interpolating quenched pressure is natu-
rally defined as

on(t) = %]E log Zn(t) , (19)

where

K
Zy(t) = ) exp ( —Hn(ot) + > > b al-) (20)

oce{-1,1}N p=li€L,
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and [E denotes the expectation with respect to all the couplings J;;’s, jij ’s, h;’s.
The quenched pressure of the DBM and a convex combination of quenched
pressures of SK models are recovered for ¢t = 1 and t = 0, respectively:

en(1) = pR§M7 (21)

en(0) = Z,\;N VRO hP)). (22)
p=1

For every function f: {—1,1}" x {-1,1}¥ — R, we denote

6_6 Hn (o35t) — BHN(T5t) + 2;1;1 ZieLP hi(oi+T;)

(f)y: =E ; 20 flo,7). (23)
Let Qn : {~1,1}V x {-1,1}¥ - R,
K—1 K 9
N
Qn = 2 Z )‘z(vN)ﬁp )\1(7+)1 4r, 9Ly — Z)‘IE’N) (9}()1\1)) q%p~ (24)
p=1 p=1

Gaussian integration by parts leads to the following result:
dcp S 2 1
N N
= (2 Z AN 3, A = S TAM (9 ) -3 <QN>Nt. (25)
p=1 ’
Now, replacing the definition (16) of 9,(,N) = 0,(a; B, A\M)) into (24), we obtain

2
Zﬁ2<p+1‘ILp+1—)\ )\ﬁQL> <0. (26)

NG
The claim (17) follows immediately from (21), (22), (25) and (26). O
Remark 2. a = (ap)p=1,...k—1 is a stationary point of PPBM if and only if
1
— Apr1 47 (p+1(a), D) = X, ¢¥(6,(a), hP)) (27)
P
for every p=1,..., K — 1, where we define ¢°%(3,h) > 0 by
B0 = tim B Y an(0.7)? p(o,7) (28)
ore{-1,1}N

and

SK _ 1  ArrSKy SK - .
i) = iy o (= BHIN) — SHE) + 30 bl ) ).

(ZJS\/K) p=1li€L,
(29)
Since aaﬁ p (8, h) = B (1 — %% (8,h)?) [27], it is straightforward to compute

aap PPBM from definition (15) and find the stationary condition (27).
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4. The Annealed Region of the DBM

In this section, we consider the model in absence of external field (h = 0)
and we identify a region where the quenched and the annealed pressure of the
DBM coincide.

Definition 4. The annealed pressure of the DBM is

1
DBM-A _ s+
p = ngnooNlogEZAN. (30)
It can be easily computed due to the Gaussian nature of the model:
K-1
pPEMA(B,N) = Tog2 + D A B2 Ay, (31)
p=1

By concavity of the log, the annealed pressure is an upper bound for the
quenched one:
DBM o [DBM-A (32)

limsup py
N—o0

The system is said to be in the annealed regime when the parameters (3, \)
are such that limy_ o pRI]?M = pPBM-A
By Theorem 1, we can investigate the annealed regime of the DBM re-
lying on the established results for the annealed regime of the SK model.
Let p°¥ be the limiting quenched pressure of an SK model, and let pS¥-4 =
limpy—oc N~ ! log EZJSVK be its annealed version. Clearly:
2
p™ < pA = log2 + % (33)

Equality is achieved in the so-called annealed region of the SK model [1,14,
24,27]:

. 1
p*(B) = pA(B) i A7 <5 (34)
Now, consider the following system of inequalities:
1
Aray B < 5
13 N
Ap(zﬁp_1+apﬁp>§§ forp=2,.... K -1 (35)
1
A —— 32 -
Kak 1 Fre—1 < 2

and the following region of parameters of the DBM:
Ak = {(ﬂ, A € RET x Ty ’ day,...,ax—1 >0 :(35) is Veriﬁed}, (36)

where Tx = {(A1,...,Ax) € [0,1]¥] Zle Ap = 1} denotes the K—dimensi-
onal simplex. We denote by Ak the topological closure of A .

Theorem 2. If (3,)\) € Ak, there exists

1i DBM _ _DBM-A
Jm pact = p ; (37)
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Proof. The lower bound (14) for the quenched pressure of the DBM rewrites
as:
K

liminf pRPY > sup 37, (9 (0, (@) — P (B (@) ) + PP
—00 aERf_l =
(38)
Thanks to (33) and (34), if (3,)\) € Ak, then the supremum in (38) vanishes
and

.. ¢ DBM DBM-A
liminfp™ > p : (39)
This bound together with (32) concludes the proof. O

It is an open question whether A is the full annealed region of the
system. We will see that Proposition 4 suggests a positive answer. We are now
interested in a more explicit characterization of Ax. We mention that such a
characterization can be interesting for inference problems as suggested in [10].
It is convenient to introduce the following family of polynomials.

Definition 5. Let 2 € C and t = (t)p=1
sively

{Ap+1(x,t) = Ap(x,t) —t, Ap_1(z,t) forp=1,..., K -1

1 € [0,00)K~1. We define recur-

.....

. (40
Aq(z,t) =z, No(z,t) =1 (40)
These orthogonal polynomials have several characterizations and were
studied by Heilmann and Lieb [18,19]. Some relevant properties can be found
in Appendix A.
Remark 3. The polynomial Ak (z,t) has an interesting combinatorial inter-
pretation. Let’s denote by %k the linear graph of vertex set {1,..., K} and
edge set {(p,p+1)|p = 1,...,K — 1}. A matching on Lk is a subset of
pairwise disjoint edges. Then:
K/2

Ag(a,t) = Y (~1)"a%72 fax(t) (41)

d=0

fax(t) = > II - (42)

D matching on Lk (p,p+1)eD
|D|=d

where:

Indeed, the polynomial on the right-hand side of (41) verifies the recursion
relation (40) (see [18]).

Proposition 1. Let (8,)\) € ]Rf_l x Tk and set

p(B,A) = max{z >0 |Ag(z, t(3,\) =0}, (43)
where the parameter t = (t,)p=1,....k—1 s defined by
tp(B,A) = AN, By Aps1, p=1,...,K—1. (44)

The followings are equivalent:
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(ii) Ap(1,t(B,A)) >0 Vp=2,...,K

(iii) p(B,A) <1,

Proof. (i)« (ii). To shorten the notation set z, = A, (1, ¢(3,\)) . By (40), we
have

zp+1:zp—4)\p/8;‘;)\p+1zp,1 forp=1,...,K -1 (45)
z1=1, zg=1
Seta*KEz;filand,forp:l,...,K—l
o= L (46)

p 2/\;, ﬁg Zp_1.

Notice that if A, = 0, then @} diverges, while 2X,37 a = 1, since z,_1 = z, =
Zp+1 - The following recursion relation follows from (45):

* 2)‘K6?{_1
ap = 11— ——
aKA)\ )
2
2Apﬁga,;:1—;*7p_1 fOI"pZQ,...,K—l 5 (47)
p—1

2/\1512 af =1

Now, assume 21, ...,2x > 0. Then, aJ,...,a} > 0 and choosing a; = aj,...,
ax—1 = aj;_; the system of inequalities (35) is verified.
On the other hand, assuming that there exist ay,...,ax_1 > 0 verifying

(35), one can prove by induction that a; > a, > 0 forp=1,..., K — 1 and
aj > 0. Therefore, z1,...,2x > 0.

i1)<14i). Equivalence of these conditions is a consequence of the interlac-
ing property of the zeros of A, . A detailed proof can be found in Appendix
(Corollary 4 with p =1). O

Remark 4. The polynomial Ak (x,t) with ¢t = #(8, \) defined in (44) has also
a linear algebra interpretation. Set:

M(B, ) = 2Mo(p) diag(A)

0 BEXo
1 5% 0 33
Xf3 0 (48)
-9 '
6%(_1/\1(
AKflﬂ%(_l 0

where My(0) is defined by (6). The characteristic polynomial of M (3, \) is
actually

Ak (z, t(B,N) = det (z I — M(3,))). (49)

Indeed using the Laplace expansion according to the last line of the matrix, it
is easy to verify that the determinant on the right-hand side of (49) satisfies
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the recursion relation (40). Now, since the zeros of x +— A (x,t(8,\)) are all
real and symmetric with respect to the origin (see Appendix), the largest one
is the spectral radius of M (3, \):

p(B,\) = max{|z| : x eigenvalue of M(3,\)}. (50)

The next proposition exploits the result of Proposition 1 in order to study
the role of the parameters 6 and A in the annealed behaviour of the system.

Proposition 2. (i) For every 8 € Rf‘l ,

su ,A\) =  max 2 51
Sup p(fA) = _max B, (51)
The supremum is reached exactly for those A = X\*(8) € Tk such that there
exists p* € {1,..., K — 1} :

1
N =Nt = 5 o B = _max_ 6, (52)

p=1,.. K—1

orp*e€{2,...,K—1}:

1
Apr = Apr—1 + Apry1 = 9 Bp+ = Bpr—1 = ple,I.l.%}I({—lﬁp' (53)
(ii) Moreover, for every A € Tk, p(B,A) is a non-decreasing function of each
By forp=1,..., K —1.

Physically, i) means that increasing the local temperatures pushes the
system towards the annealed region. On the other hand, 7) implies that if all
the inverse temperatures 3, < 1 for p =1,..., K —1, then the system is in the
annealed regime for every choice of the form factors A. Furthermore, if this is
not the case, the system can be driven out of the region Ax by localizing the
positive density layers around the minimal temperature(s).

In order to prove Proposition 2, we need the following elementary (but
useful)

Lemma 1. Let P > 2, x1,...,xp >0 and by,...,bp_1 > 0. Set S = 25:19517
and B = maxy—1,... p—1b,. Then:
P—1
43 byapapy < BS (54)
p=1
Moreover, we have equality in (54) if and only if there exists p* € {2,..., P—1}
such that

.’L'p* = I‘p*fl +.’17p*+1 = 5 s bp*fl = bp* =B (55)
or there exists p* € {1,..., P — 1} such that
S
Tpr = Tprp1 = &, by =B. (56)

2
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Proof. Since

0< (Z( ) Zx +2 ) ()P ey, (57)

p p<p’
the following inequality holds true:

Zx > =2 Z p“’x Ty (58)

p<p’

Therefore:

(Zx): DERE)IER

p<p’

23 (1= 7 ) apay (59)

p<p’

>4 pr Tpgi-
P

Y

As a trivial consequence, we have:

2
£ byrppe < ABY i SB(Z%>. (60)
p p

P

Now, all the previous inequalities are saturated if and only if the following
conditions are fulfilled:

Zpeven zP = Zp odd zp
Tpxzy =0 Vp,p':p+podd,p<p +3 . (61)
bp=DB Vp:azpzp1#0
Tt is easy to check that (61) is equivalent to (55) or (56), concluding the proof.
O

Proof (of Proposition 2) By Remark 4, p(3,\) is the spectral radius of the
matrix M (8, ). Hence:

p(B,N) < [IM(B,A)? (2 (62)
and the square of the matrix (48) can be easily computed leading to
p+1
IM(B, )2 = 4 | nax ST 0P N A
R (63)

< max A%
T op=l,.,K-1"P

where for every p=1,...,K,p =p—2,...,p+ 1 we set
b;(f/)) = 5272 ;371 510*2,17’ + /3;171 51)71,10’ + ﬁ; 51),17’ + /83 5§+1 5p+1,p’ (64)

and for convenience we denote A\, = 0 for p ¢ {1,...,K} and 8, = 0 for
p ¢ {1,..., K—1}. The inequality in (63) follows by Lemma 1 since Zp Ap =1.
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Now, assume that p(3,\) = max,—1,  Kx-1 ﬁg = (2. In particular, the
inequality in (63) must be saturated; namely, there exists p € {1,..., K} such
that

p+1 A
T (65)
p'=p—2

Then, (52) or (53) follows from Lemma 1.

On the other hand, assume that condition (52) or (53) holds true. In
order to prove that p(3,A) = (2, it suffices to show that z = (32 is a zero of
the matching polynomial Ag (a:, (8, /\)), where the activities vector ¢(5, \) is
defined by (44). Now, condition (53) implies that

Ag (B2 48, 0) = B (1=4XpApen) = 0 (66)
while condition (52) implies that
Ar (B2 t(B,N) = B (1 —4Xpidps — 4N Aperr) = 0. (67)

This concludes the proof of Proposition 2 part (i). In order to prove part
(ii), we observe that the matrix M (3, \) has nonnegative entries; therefore, its
spectral radius p((3, A) is a non-decreasing function of its entries. O

5. The Replica Symmetric Ansatz for the DBM

In this section, we derive a replica symmetric expression for the pressure of the
DBM. We show that at zero magnetic field, the annealed region Ay identified
by Theorem 2 and Proposition 1 is the only region where the annealed solution
is stable for the replica symmetric consistency equation. Finally, we prove the
uniqueness of the solution of the replica symmetric consistency equation, under
the hypothesis of Gaussian centred external fields.

Let ¢ = (gp)p=1,..k € [0,1]%. Consider the matrices M = M(B,\),
My = M, (3, \) defined by (48), (5), respectively. For p =1,..., K, we have

(Mq)p = 2qp-1Ap1 512)71 + 252 Ap+1 p+1 (68)

where By = Bx = Ao = Ak+1 = qo = qx+1 = 0 for convenience. We have

K-1

1

5qTMlq =) N8B A1ty G- (69)
p=1

Definition 6. For every q = (q,)p=1.. x € [0, 1], the replica symmetric func-
tional of the DBM is

K
PRIPEM(g) = Z /\I(,N) E log cosh (z (M) q)p + h(p)) o
p=1

+-(1=)" MM (1-¢) + log2

1
2
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where 2 is a standard Gaussian random variable independent of h and M (™)

M(B,AXN)Y, Ml(N) = M, (3, \V)) are tridiagonal matrices defined by (48), (5),
respectively. The limit of the functional as N — oo is

PRSDBM (- 3 ) h) = i Ap Elog cosh (z (Mq)p + h(p))
p=1 (71)
5 (=) My (1-g) + log?
where M = M(8,\) and My = M1(3, ).
Definition 6 is motivated by the following

Proposition 3. For every ¢ = (gp)p=1,..x € [0,1]%

: 1t T
pR}?M - P}i\? DBM(Q) 2 /0 <(qAN _q) Ml(N) (QAN - q)>Ntdt (72)

where qay = (qr, (o, T))p:1 o and ()N denotes the quenched Gibbs expec-

)

tation associated with a suitable Hamiltonian.

Proof. Let q € [0,00)%. For every p = 1,..., K, we consider a one-body model
over the N, spin variables indexed by the layer L, at inverse temperature

V(M®)g), and external fields distributed as A(P). For ¢ € {—1,1}" and
t € [0,1], we define an interpolating Hamiltonian as follows:

K
Hny(o,t) = \/iHAN(J) + Z Z (Zl \/(1715) (M(N)q)p +hi> o; (73)

p=14i€L,
where z;,7 € Ly, p=1,..., K are i.i.d. standard Gaussian random variables,
independent also of h;’s and J;;’s. The interpolating pressure is
1 _
pn(t) = NE log zg:e Hy(ot) (74)

Observe that the quenched pressure of the DBM and a convex combination
of quenched pressures of one-body models are recovered for t = 1, t = 0,
respectively:

en(1) = pre, (75)
K

en(0) = log2 + Z)\I(,N) E log cosh (z (MMNg), + h(”)> . (76)
p=1

Gaussian integration by parts leads to the following result:

dSDN 1 1

2 ) = 5 0= MM —q) = 5 ((aay =) M (a1, —q))

2 Nt

(77)
where (-)n,; denotes the quenched Gibbs expectation associated with the
Hamiltonian Hy (o,t) + Hy (7, t). Therefore, (72) follows by (75), (76), (77)
concluding the proof. O
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We say that the DBM is in the replica symmetric regime when there exists

q* stationary point of PRSPBM () such that limy oo oM = PRS-DBM ()

Remark 5. ¢ = (gp)p=1,...,k 1s a stationary point of PRS-DBM if and only if
M; - <qp — E tanh? (z (Mq), + h<P>)> =0 (78)
p=1,.... K

where the matrices M = M(8,\), M; = M;(3,)\) are defined by (48), (5),
respectively, and z is a standard Gaussian random variable independent of h.
Indeed, Gaussian integration by parts allows to compute % PRS-DBM fiom

definition (71).

Remark 6. For h = 0, observe that ¢ = 0 is a solution of (78) and the replica
symmetric functional computed at this stationary point equals the annealed
pressure of the DBM:

PRSDEM (g — 0; B, A\, h = 0) = pPEM-A(5, ). (79)
Proposition 4. Set F : [0,1]% — [0,1]¥, F,(q) = Etanh® (z m) Jor
every p = 1,..., K. The region of parameters (8,\) such that the annealed

solution ¢ = 0 is a stable solution of the replica symmetric consistency equation
q = F(q) coincides with the region Ag introduced in Sect. . Precisely:

|x| <1 Va eigenvalue of JaCF’ . & (B, € Ak. (80)
q:

Proof. Gaussian integration by parts allows to compute the derivatives of F
with respect to g, leading to

Jac F’

= M. (81)

q=0
Therefore, (80) follows immediately by Proposition 1 and Remark 4. O

When the matrix M; is invertible, the replica symmetric Eq. (78) rewrites
as:

ap = E tanh? (z (Mq), —|—h(p)> Vp=1,...,K. (82)

The problem of uniqueness of the solution of (82) has been proposed by
Panchenko in [25] for the convex case (where M is replaced by a positive
definite matrix) and solved in [9] for K = 2. In the following, we prove the
uniqueness for the deep case (our matrix M is highly non-definite) under the

assumption of Gaussian centred external fields. Denote T = {(A1,..., k) €
K

(0,15 Xy Ap =1}

Theorem 3. Let h?), p=1,..., K be centred Gaussian variables with variance

v, > 0, respectively. Let X € Ty and 3 € Rf‘l. The consistency Eq.(82),
which rewrites as

¢y = Etanh? (z (Mq)p—i—vp) Vp=1,...,K (83)

with M = M(B,\) defined in (48), has a unique solution.
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The proof of Theorem 3 relies on the following

Lemma 2. Let h be a centred Gaussian variable with variance v > 0. Let 8 > 0.
Then, equation

g = Etanh? (z\/2q52+v) (84)

has a unique solution that we denote by q*5SK(3,v) > 0. The function 55K
is strictly increasing with respect to both 3 and v.

The uniqueness part in Lemma 2 is the well-known Latala—Guerra’s lem-
ma [27]. The monotonicity part is based on a similar argument. Whereas the
uniqueness property holds true for much more general choices of the external
field h, we notice that the monotonicity property in 3 is lost for deterministic
(large enough) h.

Proof (Lemma 2) Set f(q) = ¢~ Etanh?(z/2¢ 32 +v) for ¢ > 0. To prove
that (84) has a unique solution, it suffices to show that f is strictly decreasing.
Now, taking the derivative of f (avoiding Gaussian integration by parts) leads
to:

7 = “Elbl) (60) - y0 W) - 5 B o W) (85)

where ¢(y) = tanhy and y = 2+/2¢ (2 + v. Since ¢ is odd, strictly positive
on Ry, strictly increasing on R and strictly concave on R, it follows that the
functions inside each expectation in (85) are strictly positive for y # 0. In
particular, observe that sign ¢(y) = signy and that

%@(y)—yd(y)):—yaﬁ”(y) >0 = sign (6(y) - y'(y)) = signy.
(36)

Therefore, Z—{] < 0, proving uniqueness of the solution of Eq. (84).

Now, let’s prove that the solution q*5-5K is strictly increasing with respect

to B > 0. Taking the derivative with respect to 32 on both sides of (84)
(avoiding integration by parts), one finds:
dqRS-SK B E[Yqb(Y) ¢’(Y)] 252 dqRS-SK
dﬁQ - Qﬂz qRS-SK Y d62

where YV = 2 \/m Reordering terms and replacing q%5-SK by
E¢(Y)? lead to:

dqRS-SK B E[Y¢(Y) ¢/(y)] 2qRS—SK
g v+ 282E[e(Y) (¢(Y) - Y (V)]

RS-SK

+2 qRS'SK> (87)

> 0. (88)

In a similar way, one can prove that q is strictly increasing with respect

to v, indeed:

d mss _ E[Yo(Y)¢' (V)]
dv v+ 232E[6(Y) (6(Y) - Y ¢(V))]

> 0. (89)



D. Alberici et al. Ann. Henri Poincaré

O
Proof (Theorem 3) A key observation is that the system (83) is equivalent to
the following:

{qp = [ tanh? (z 2qp0p(a)2+vp> p=1,...,.K (90)
ApQp Gp = Apt1 Qpt1 p=1..., K -1
where we have introduced the auxiliary variables ay,...,ax_1 > 0. This can

be easily checked by comparing definitions (16) and (68). By Lemma 2, the
first line of (90) entails

qp = qRS'SK(Qp(a),Up) Vp=1,...,K (91)
where g*S-SK is uniquely defined and strictly increasing with respect to both
arguments. On the other hand, the second line of (90) rewrites as

p
)\1(]1 Hal = )‘erlqurl Vp:].77K—]. (92)
=1

Therefore, in order to prove the theorem it suffices to prove uniqueness of the
solution a € Rf ~1 of the following system:

p
A qRS SK 01 Hal

=1
_)\+1 qRSSK( ( )Up+1) vp:l,aK_l? (93)

It is convenient to set Q(a;) = A\ q*5SK ()\1 B%ay, vl) and for every p > 2

1 ) b1

Qp (,ap) = gtosK ()\p L=+, ﬁ ap, Up> (94)
ap—1 ap—1

We are going to prove by induction on p > 1 that for any given ap41 > 0,

there exists a unique a, = a(ay+1) > 0 such that

al:af(alﬂ) Vlzl,...,p—l

1 (95)
Qi(ar) ay -+ ap1ap = Qp+1< ap+1>
and moreover ay, is strictly increasing with respect to a,41 . The uniqueness of
solution of (93) will follow immediately by stopping at p = K —1 and choosing
A — 0.
e Case p = 1: given ay > 0, let’s consider the equation

1
Qi(a1)ar = Q2 (,CLQ)- (96)
ai
By Lemma 2, the left-hand side of (96) is a strictly increasing function of

ay > 0 and takes all the values in the interval (0, co), while the right-hand side
is a decreasing function of a; > 0 and takes nonnegative values. Therefore,
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there exists a unique a; = aj(az) > 0 solution of (96). Now, taking derivatives
on both sides of (96) and using again Lemma 2, one finds:

—1
dai 0 1 0 J 1
M - 8712@2(@71’@2) [aal(Qﬂm)m) - asz(al,m)] s >0

(97)

; hence, af is a strictly increasing function of as .

e Forp>1,p—1=p. Fix ap41 > 0. By inductive hypothesis, aj, ..., a, ;
are well defined and strictly increasing functions. Defining the composition
Af =afo---oay_qforeveryl=1,...,p—1, Eq.(95) rewrites as:

(Qu 0 A7) (ay) T A5 (ap) ay = Qpﬂ(ai,apﬂ). (98)

=1

By inductive hypothesis and Lemma 2, the left-hand side of (98) is a strictly
increasing function of a, > 0 and takes all the values in the interval (0, c0),
while the right hand-side of (98) is a decreasing function of a, > 0 and takes
nonnegative values. Therefore, for every a,;; > 0 there exists a unique a, =
ay(apy1) > 0 solution of (98). Now, taking derivatives on both sides of (98)
one finds:

da’ 0 1
P _ .
dapt1 a Bap+1 Qp+1 (ap ’ ap+1)
_ -1
B pt P 1
i A} | I A7 - —
[8% <(Q1 o 1)(%) U 7 (ap) ap) dayp Qp+1 (ap 7@p+1>}

lap=az(apt1)

(99)

which, using again the inductive hypothesis and Lemma 2, entails that a,, is a
strictly increasing function of apy; . O

6. A Replica Symmetric Bound for the DBM

In this section, a lower bound for the quenched pressure of the DBM in terms
of the replica symmetric functional is provided in a suitable region of the pa-
rameters 3, A, h. For centred Gaussian external fields, this region is defined
through a system of K inequalities which mimic the Almeida—Thouless condi-
tion for the SK model.

By Theorem 1, we can investigate the replica symmetric regime of the
DBM relying on the established results for the replica symmetric regime of the
SK model. Denote by PRS-SK the replica symmetric functional of an SK model,
namely for every ¢ € [0,1], 8 > 0, h real random variable with E|h| < oo,

2
PRSSK(4: 8,h) = Elogcosh (z \V2qpB? +h> + % (1—¢q)* + log2 (100)
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where z is a standard Gaussian random variable independent of h. Stationary
points of PRS-SK are identified by the consistency equation

¢ = Etanh® (z V2qp% + h) (101)

where z is a standard Gaussian r.v. independent of h. The celebrated Guerra’s
bound [15] states in particular that

p*(8,h) < inf PRSK(q; B, h). (102)

q
for every (3, h. Identifying the exact replica symmetric region of the SK model,
where equality in (102) is achieved, is an open problem. A first result about the

replica symmetric region of the DBM under general (but implicit) conditions
is provided by the following

Theorem 4. For every q € [0,1]%, a € R related by

App Gp = App1Gpr1 Vp=1,...,K—1 (103)
; the following inequality holds true:
PPEM(a; 8,7, h) < PREPPM(g; 8, A, h). (104)

Moreover, if the parameters 3, X\, h are such that there exist q, a related by
(103) and verifying

p3K (0,(a), hP) = PRSSK (¢,:0,(a),h™) Vp=1,...,K, (105)
then equality is achieved in (104) and as a consequence

lim inf pR M > PRIPEM(g; 5, X, h). (106)

Proof. Since q, a are related by (103), it is straightforward to verify that
2q,0,(a)* = (Mq), Yp=1,...,K, (107)

By Guerra’s bound (102), substituting P*5-5K to pSK in the right-hand side of
expression (15) provides an upper bound to PPBM(a) . Now, using the expres-
sion (100) of PRSSK the relation (107) and comparing with the expression
(71) of PRS-PBM 'hound (104) is finally proved.

Following the same computations, if (105) holds true, then

PPPM(a; 8,4, h) = PREPPM(g; B, A, h) (108)

and bound (106) then follows by Theorem 1. O
More explicit conditions for achieving equality in (104) and having the
replica symmetric bound (106) are based on the control of the replica sym-
metric region in the SK model. For example, it is known that equality in (102)

is achieved for § small enough. Precisely, in Theorem 1.4.10 of [27] Talagrand
proves that for every h

D) = PR (g 5,0 i 7 < (109)

where ¢ is the unique solution of (101). (Notice the different parametrisation
with respect to [27].)



Deep Boltzmann Machines: Rigorous Results

Corollary 1. Let 8, A\, h such that a solution q of the replica symmetric con-
sistency Eq. (82) satisfies the inequalities

1
(Mq)p<1qp Vp=1,...,.K (110)
Then, the replica symmetric bound (106) holds true.

Proof. Let g be a solution of (82) satisfying (110). Let a € R571 verifying
(103), so that the relation (107) holds true. Then, (110) and (82) rewrite,
respectively, as:

1
0,(a)? < =
b(a) (111)
¢, = Etanh? (z V24, 0,(a)% + AP )
for every p=1,..., K. By Talagrand’s result (109), this entails
p° (Gp(a), h(p)) = prosK (qp;9p(a),h(p)) (112)
for every p=1,..., K. Therefore, by Theorem 4,
PP (a; 8,4, h) = PREPPM(g; B, A, h) (113)
and the bound (106) holds true. O

A complete characterization of the SK replica symmetric region where
equality is achieved in (102) is still missing (see nevertheless [16,20,27]). A
necessary condition is the Almeida—Thouless condition [28]:

(3% Ecosh™* (z V2qpB32% + h) < % (114)

where ¢ is a solution of the consistency Eq. (101).

However, if we take h Gaussian centred r.v. with variance v > 0, it was
recently proved [11] that the Almeida—Thouless condition is also sufficient to
have equality in (102). Precisely:

_ 1
V() = PRI (g gy e | B0 (2V2aFEY) < 5

q is the (unique) solution of (84)
(115)

Corollary 2. Assume h®), p=1,..., K centred Gaussian variables of variance
vp > 0, respectively. Let 3, A, v such that the (unique) solution g of the replica
symmetric consistency Eq. (83) satisfies the inequalities

(Mq), Ecosh™ (z (Mq)p+vp> < ¢ Vp=1,...,K. (116)

Then, the replica symmetric bound (106) holds true.
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Proof. Let g be the unique solution of (83). Let a € Rf‘l verifying (103), so
that the relation (107) holds true. Then, (116) and (83) rewrite, respectively,
as:

0,(a)? Ecosh™* (z 2qp0,(a)? + vp> <
¢y = Etanh® (z 2qp0,(a)? + vp)

for every p=1,..., K. By Chen’s result (115), this entails

1
2 (117)

p* (6p(a), h(p)) = pRESE (qp;é)p(a),h(p)) (118)
for every p=1,..., K. Therefore, by Theorem 4,
PPEM(q; B\, h) = PREPBM(g: 3 X h) (119)
and the bound (106) holds true. O
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Appendix: Matching Polynomials

In this Appendix, we give some properties of the polynomials A,(xz,t) intro-
duced by Definition 5 and characterizing the annealed region of the DBM. In
particular, we are interested in the location of the zeros of A,, namely the
points z € C such that A,(x,t) =0.

Theorem 5 and Corollary 3 are due to Heilmann and Lieb [18] and show
that the zeros are real and have an interlacing property. Proposition 5 and
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Corollary 4, by using these results, contribute to the proof of Proposition 1 in
Sect. 4. Precisely, we show that the zeros of Ak lie in the interval (—p, p) if
and only if all the polynomials A, for p < K are positive at x = p.

Theorem 5. (Heilmann-Lieb [18]) Lett, >0 forallp=1,...,K — 1. Then,
foreveryp=1,... . K

(1) the zeros of A, are real and simple;

(i1) if p > 1, the zeros of A, “interlace” with those of Ap_1. Namely, denoting

by chp*l) << x(p:ll) the zeros of Ap_1 and by x§p> <. < x,(f)) the

P
zeros of A, we have:
L e xl(,p_)l < x;p:ll) <z . (120)

Proof. The statement is trivially true for p = 0 and p = 1. Consider p > 1,
assume the statement holds true for p — 1 and p, and prove it for p + 1. By
induction hypothesis, the zeros of A, and those of A,_; are real and simple
and they are interlaced; namely, (120) holds true.

Since the zeros of A,_; are simple, A,_; changes its sign exactly at every

x&pil) 2P~V By (120), it follows that A,_; has alternating signs at the

e Ty g
points xgp), e ,x,(,p). Therefore, also A, has alternating signs at the points
x(lp), . ,xé”) , indeed by the recursion relation (40)
Apir (z1) = — 1, A1 (2P)1) (121)
ey
for every k=1,...,p. As a consequence, A, has (at least) one zero in each
interval (x,(f), x}ﬁl) for k=1,...,p—1. Moreover, since A, 41 and A,_; share

the same sign as * — oo and as ¢ — —oo, (121) implies that A,;1 has (at

least) one zero in (x,(gp), 00) and (at least) one zero in (— oo, chp)) . Since the

zeros of A, are exactly p + 1, the thesis follows.

Theorem 5 can be extended to the case of nonnegative coefficients:
Corollary 3. (Heilmann-Lieb [18)) Lett, >0 forallp=1,...,K —1. Then,
foreveryp=1,... . K

(i) the zeros of A, are real;
(i) if p > 1, the zeros of A, “weakly interlace” with those of A,_1. Namely,

denoting by xﬁp‘” <... < sr:;,p__ll) the zeros of Ap_1 and by a:ﬁp) <... <

xép ) the zeros of A, repeated according to their multiplicity, we have:

xgp) < xgp_l) < xép) < xép_l) <...< xz(fi)l < xl()p:ll) < mé”) . (122)

Proof. 1t follows from Theorem 5 by continuity. g
Remark 7. The zeros of A, are symmetric with respect to x = 0. Indeed,
Ap(mvt) = (_1)1) Ap(—l‘,t) (123)

because both polynomials verify the same recursion relation (40).
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Proposition 5. Let t, > 0 for allp =1,..., K — 1. Then, for every p > 0 the
followings are equivalent:

(i) the zeros of Ak are contained in (—p,p) ;

(ii) the zeros of A, are contained in (—p, p) for everyp=1,..., K ;
(iil) Ap(p,t) >0 for every p < K such that D =moaz K ;
(iv) Ay(p,t) >0 for everyp=1,..., K.

Proof. i=-ii. This is a consequence of Theorem 5.

ii=-iii. Trivial since A,(z,t) — oo as & — oo for every p > 1.

ili=-iv. From the recursion relation (40), one sees that if A,y1(p,t) > 0
and A,_1(p,t) > 0 then also Ay(p,t) > 0.

iv=1. By contradiction, assume that A,(p,t) > 0 for every p=1,..., K
and not all the zeros of Ag are contained in (—p, p).

Claim: A, has at least two zeros in (p, 00) for every p=2,..., K.

We are going to prove the claim by induction. It will contradlct the fact
that Ay has only one positive zero.

Let’s start from p = K. By hypothesis, Ag(p,t) > 0 and Ag has a zero
x(()K) € (p,00). Theorem 5 guarantees that Ax changes its sign at z = x(()K)
(because every zero is simple). On the other hand, we know that A (z,t) — oo
as © — o0. Therefore, Ax has (at least) another zero ng) € (p,00), x(lK) +
:c((JK) . This proves the claim for p = K .
Now, let p < K, assume the claim for p and prove it for p — 1. By
(p) (117) € (p,0), xgp) # x(p)

Theorem 5, it follows that A,_; has a zero x(()p Ve (p,00) (interlacing of the

zeros). Since by hypothesis, A,_1(p,t) > 0 and A,_1(z,t) — 00 as x — o0, it
follows that A,_; has another zero ;vgp*l) € (p,00), xgpfl) + a:(()pfl). O

induction hypothesis, A, has two zeros x;

Also, Proposition 5 extends to the case of nonnegative coefficients.

Corollary 4. Let t, > 0 for allp =1,...,K — 1. Then, for every p > 0 the
followings are equivalent:

(i) the zeros of Ak are contained in (—p,p) ;

(ii) the zeros of A, are contained in (—p, p) for everyp=1,..., K ;
(iii) Ap(p,t) >0 for every p < K such that D =moaz K ;
(iv) Ap(p,t) >0 for everyp=1,..., K.

Proof. ITmplications i=-ii=-iii=-iv are proven as before. iv=-i follows from Propo-
sition 5 by continuity. O
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